Data Summary {#s2}
============

*[H. influenzae](http://doi.org/10.1601/nm.3419)* SD2016_1 and SD2016_2 genome sequences have been deposited in NCBI under BioProject PRJNA534512.

###### Outcome

Two cases of severe central nervous system *[H. influenzae](http://doi.org/10.1601/nm.3419)* infection occurred during the same week in the same hospital in San Diego, California -- a region where such infections are usually very rare due to vaccine coverage. We thus suspected a local outbreak of an *[H. influenzae](http://doi.org/10.1601/nm.3419)* clone not covered by the vaccine. Using whole-genome sequencing and phylogenetic analysis of two isolates (SD2016_1 and SD2016_2, one from each patient), we found that they were distantly related, rapidly ruling out a local outbreak and suggesting independent transmission events. In this case, SD2016_1 and SD2016_2 both encoded a-type capsules, whereas the vaccine targets b-type capsules. These results highlight the potential importance of horizontal gene transfer in the capsule locus in allowing *[H. influenzae](http://doi.org/10.1601/nm.3419)* to escape vaccine coverage.

Introduction {#s3}
============

*[Haemophilus influenzae](http://doi.org/10.1601/nm.3419)* is traditionally classified into encapsulated or unencapsulated strains, with encapsulated strains being subdivided into serotypes (or types) a-f, each with a distinct type of polysaccharide capsule. Type-b has long been associated with invasive disease \[[@R1]\] and has thus been a major vaccine target. Since the introduction of the Hib vaccine against type-b *[H. influenzae](http://doi.org/10.1601/nm.3419)*, a dramatic decrease of severe cases has been observed \[[@R2]\]. However, this drop in severe type-b infections was followed by an increase of acute infections caused by non-b-type (i.e. a, c, d, e and f capsule types) and non-typeable (unencapsulated) strains, although not to the level of type-b infections pre-vaccine \[[@R3]\]. In certain regions and populations, more disease is now caused by type-a than type-b infections \[[@R7]\]. In other populations, f-types and predominantly non-typeable strains are on the rise \[[@R9]\]. Non-typeable *[H. influenzae](http://doi.org/10.1601/nm.3419)* (NTHi) are associated with otitis media in children and chronic obstructive respiratory disease in adults \[[@R10]\] but cause much less invasive disease than type-b.

As a common surface antigen and vaccine target, the capsule is a target of diversifying selection, and the capsule locus is a hotspot of recombination in bacterial pathogens including *[Klebsiella pneumoniae](http://doi.org/10.1601/nm.10789)* \[[@R13]\]*, Streptococcus pneumoniae* \[[@R14]\] and *[Neisseria meningitidis](http://doi.org/10.1601/nm.1926)* \[[@R15]\] -- but has been less thoroughly studied in *[H. influenzae](http://doi.org/10.1601/nm.3419)*. Many (but not all) natural *[H. influenzae](http://doi.org/10.1601/nm.3419)* isolates are competent for DNA uptake \[[@R16]\], and are inferred to undergo relatively frequent recombination \[[@R17]\]. Capsule types tend to be associated with particular phylogenetic lineages of *[H. influenzae](http://doi.org/10.1601/nm.3419)*, leading to the assertion that capsule genes evolve clonally, with limited recombination \[[@R18]\]. On the other hand, the capsule locus can be deleted naturally by recombination \[[@R19]\], and the capsule locus is occassionally recombined among phylogenetically distant lineages \[[@R20]\]. Thus, capsular recombination in *[H. influenzae](http://doi.org/10.1601/nm.3419)* appears to be relatively rare \[[@R21]\], but its impact on the evolution and epidemiology of *[H. influenzae](http://doi.org/10.1601/nm.3419)* infections could be substantial. For example, capsular switching could in principle allow successful pathogenic lineages to evade vaccines and persist. Alternatively, if capsular recombination is limited, we would expect vaccine lineages to be replaced with other lineages, encoding different capsules or no capsule at all. Evidence to distinguish between these scenarios is currently lacking.

Here we describe two *[H. influenzae](http://doi.org/10.1601/nm.3419)* genomes, each isolated from a meningitis patient at Rady Children's Hospital (CA, USA) within 1 week of each other in January of 2016. As such severe central nervous system infections are extremely rare in Western countries since the introduction of *[H. influenzae](http://doi.org/10.1601/nm.3419)* vaccines in the 1990s, the appearance of two cases in a such narrow geographic and time window leads us to address the following questions using a comparative genomic approach:

1.  Are the two strains closely related, suggesting an outbreak of a particular *[H. influenzae](http://doi.org/10.1601/nm.3419)* clone -- possibly a vaccine-escape mutant? By placing the two strains on a phylogeny of other sequenced *H. influezae* genomes, we found that the two strains were unrelated. This surprising result led us to ask a second question:

2.  Do these two unrelated strains share particular genes that might have allowed them both to emerge at the same place and time?

Methods {#s4}
=======

Strain collection and patient characteristics {#s4-1}
---------------------------------------------

*[H. influenzae](http://doi.org/10.1601/nm.3419)* strains were isolated from the blood culture of two unrelated individuals ([Table 1](#T1){ref-type="table"}), both children under 5 years of age. They presented to Rady Children's Hospital within 1 week of each other in January 2016. They were both treated with antibiotics and were eventually cured with no apparent complications. Blood culture was *[H. influenzae](http://doi.org/10.1601/nm.3419)* positive for both patients and showed that these strains were non-type b, but with an encapsulated appearance. Both strains were sent to the United States Centers for Disease Control and Prevention (CDC) for serotyping, which confirmed them both to be type-a. Further patient characteristics are given in [Table 1](#T1){ref-type="table"}. Strains isolated from patients 1 and 2 were, respectively, named SD2016_1 and SD2016_2 (also called 'isolate 1' and 'isolate 2', respectively, for short) in this study.

###### 

Patient characteristics

+-------------------------------+--------------------------------------+---------------------------------------------+
|                               | Patient 1                            | Patient 2                                   |
+===============================+======================================+=============================================+
| Positive culture              | Blood culture                        | Blood and cerebrospinal fluid (CSF) culture |
+-------------------------------+--------------------------------------+---------------------------------------------+
| CSF cell profile on first tap | Protein 267                          | Protein 68                                  |
|                               |                                      |                                             |
|                               | Glucose 47                           | Glucose 49                                  |
|                               |                                      |                                             |
|                               | Erythrocytes 112,                    | Erythrocytes 28                             |
|                               |                                      |                                             |
|                               | Nucleated cells 619                  | Nucleated cells 707                         |
+-------------------------------+--------------------------------------+---------------------------------------------+
| CNS complications             | Subdural empyema                     | Seizure                                     |
+-------------------------------+--------------------------------------+---------------------------------------------+
| Antibiotic treatment          | Vancomycin and meropenem for 18 days | Ceftriaxone for 10 days                     |
+-------------------------------+--------------------------------------+---------------------------------------------+
| Time to fever resolution      | 14 days                              | 1 day                                       |
+-------------------------------+--------------------------------------+---------------------------------------------+

Ethical approval {#s4-2}
----------------

This study was approved by the Internal Ethical Review Board and the Privacy Board of Rady Children\'s Hospital-San Diego (file 19005C). The study was deemed to be a case report, which does not involve a systematic investigation and therefore does not meet the definition of research as outlined in 45 CFR 46.102(d) and are not subject to the Human Subject Regulations (45 CFR 46). The privacy board concluded that no protected health information (PHI) is disclosed in this study.

DNA extraction and sequencing {#s4-3}
-----------------------------

*[H. influenzae](http://doi.org/10.1601/nm.3419)* strains were cultured overnight on chocolate agar plates (Thermo Fisher Sceintific), and DNA was extracted using the Bactozol DNA extraction kit (MRC). Extracted DNA was further purified using the PowerClean Pro DNA Clean-Up Kit (MOBIO Laboratories). Libraries were prepared using the Nextera XT kit (Illumina) following the standard Illumina protocol and library size was confirmed at approximately 1000 bp with a Qiaxcel Advanced System (QIAGEN). We performed paired end sequencing (2×300 bp) using the MiSeq reagent Kit V3 (Illumina) on the MiSeq system (Illumina) yielding a total of 1 128 523 paired-end reads for SD2016_1 and 1 708296 paired-end reads for SD2016_2.

Genome assembly, annotation and phylogenetics {#s4-4}
---------------------------------------------

Sequencing reads were trimmed with Trimmomatic v.0.33 \[[@R22]\] with default parameters. Trimmed reads were assembled into contigs using IDBA v1.1.3 \[[@R23]\]. We then compared the SD2016_1 and SD_2016_2 genomes with a dataset of high-quality *[H. influenzae](http://doi.org/10.1601/nm.3419)* genome assemblies from 591 non-typeable, 8 a-capsule, 52 b-capsule, 4 c-capsule, 1 [d]{.smallcaps}-capsule, 19 e-capsule and 7 f-capsule isolates available in NCBI as of 8 October 2018, previously reported by Watts and Holt \[[@R21]\], for a total of 684 genomes \[see Table S1, (available in the online version of this article) for NCBI accession numbers\]. Contigs were annotated using the [rast]{.smallcaps} v.0.1.1 server \[[@R24]\]. Translated gene predictions were clustered into 12 840 orthologous groups using Roary v3.11.2 \[[@R25]\], of which 9180 were present in \>1 genome, and 502 core gene families were present in \>99 % of isolates (Table S2). Each core gene family was aligned separately using mafft v.7 \[[@R26]\] and the concatenated alignment was used to infer a phylogeny using FastTreeMP v.2.1 \[[@R27]\].We rooted the tree by adding eight *[H. haemolyticus](http://doi.org/10.1601/nm.3428)* outgroup genomes (Table S1) to the alignment (yielding a smaller core genome alignment based on 104 genes), inferring the phylogeny with FastTreeMP, identifying the location of the root, and then placing the root on the tree inferred from the larger alignment. We also used FastTreeMP to reconstruct each individual gene tree (or gene fragments in the case of genes belonging to the capsule locus). Phylogenies were displayed in FigTree v.1.4 4 (<http://tree.bio.ed.ac.uk/software/figtree/>). Capsule genes were identified using the hicap software \[[@R21]\].

Horizontal gene transfer detection {#s4-5}
----------------------------------

To infer putative horizontal gene transfer (HGT) events in the phylogeny, we used the \'reconcile\' mode of Notung v.2.9 \[[@R28]\] with all other parameters set as default. Rooted trees were used as inputs to resolve polytomies. Notung was able to reconcile 5698 of the 9180 gene families, with the other being too uncertain or computationally complex to yield a result. We only considered recent HGT among extant isolates, not internal branches, which could contain more phylogenetic uncertainty. In total, we identified exchanges involving 2167 gene families and 662 genomes, for a total of 11 138 exchanges (Table S3). We visualized this network of HGT in Cytoscape v.3.5.1 \[[@R29]\] using the edge-weighted spring-embedded layout based on the number of genes exchanged between each pair of strains.

Results {#s5}
=======

SD2016_1 and SD2016_2 genomes are distantly related {#s5-1}
---------------------------------------------------

The core genome phylogeny shows that SD2016_1 and SD2016_2 belong to two distinct and distantly related lineages ([Fig. 1](#F1){ref-type="fig"}, File S1). The closest sequenced relative of SD2016_1 is M25588, deposited in GenBank by the US CDC in 2018 (and thus of likely American origin, although this is not specified in the GenBank entry). Another close relative of isolate 1, NML_Hia1, was isolated in Canada in 2011, and also carries an a-type capsule locus. The nearest neighbouring clade of isolate 1 include NTHi and [d]{.smallcaps}-type strains, and the next closest clade includes b- and c-types ([Fig. 1](#F1){ref-type="fig"}). Isolate 2 is nearly identical to M21384, another CDC genome recently inferred to have undergone a recombination event importing a-type capsule genes into an f-type ancestor \[[@R21]\]. Consistent with the f-type ancestry of this lineage, the next closest relatives to SD2016_2 and M21384 are f-type genomes, including Hi794 (Finland, date unknown) and KR494 \[[@R30]\]. As SD2016_1 and SD2016_2 are distantly related in the tree, they appear not to be epidemiologically linked and likely represent independent infection events.

![Core genome phylogeny of *[H. influenzae](http://doi.org/10.1601/nm.3419)* shows the two San Diego 2016 isolates are distantly related. Serotypes are shown as coloured circles, with non-typeable (NTHi) isolates in black. Isolates SD2016_1 and 2 are indicated in coloured boxes (indicating serotype a), along with each of their nearest-neighour isolates. All branches are well-supported (bootrap support \>0.8, unless noted with a question mark (?). *[H. haemolyticus](http://doi.org/10.1601/nm.3428)* was used as an outgroup to place the root of the tree (not shown). The scale bar is in units of nucleotide substitutions per site.](mgen-6-348-g001){#F1}

Detailed phylogenies and potential exchanges in the capsule locus {#s5-2}
-----------------------------------------------------------------

The presence of two a-type strains (SD2016_1 and SD2016_2) in two distantly related clades leads us to investigate in greater detail the evolution of capsule locus genes. By manually inspecting individual gene alignments at this locus (File S2), we found that SD2016_1 and SD2016_2 sequences were very similar -- but not identical -- spanning an \~5 kb region encompassing most of the serotype-specific genes ([Fig. 2](#F2){ref-type="fig"}). Throughout the capsule locus, SD2016_1 and SD2016_2 each clustered with its respective nearest neighbour (M25588 or M21384) from the core-genome phylogeny. NML_Hia1, another a-type genome isolated in Canada in 2011, also shared a similar or identical sequence in the serotype-specific region, suggesting that the putative recombination event in this region occurred in 2011 or earlier. Upstream of the serotype-specific region, SD2016_2 was most similar to f-type strains, whereas downstream it was most similar to b-types ([Fig. 2](#F2){ref-type="fig"}). This suggests that an f-type ancestor of SD2016_2 acquired \~5 kb of serotype-specific DNA from an a-type donor strain, resulting in a serotype switch, which could have been further affected by multiple recombination events downstream of the serotype-specific region. In summary, recent ancestors of SD2016_1 and SD2016_2 likely engaged in HGT at the capsule locus. However, SD2016_1 and SD2016_2 capsule loci are non-identical, notably in the *acsC* gene (six substitutions over 2400 bp) ([Fig. 2](#F2){ref-type="fig"}, File S2), making it unlikely that the exchange occured in Rady Children\'s Hospital.

![The two San Diego 2016 isolates have similar sequences in the serotype-specific capsule region, but are distinct in flanking regions. The schematic (top) shows the arrangement of genes within the capsule locus. The dendrograms (bottom) show the phylogenies inferred from the alignment of three separate regions of the locus. All branches are well-supported (bootrap support \>0.8) unless noted with a question mark (?). Dendrograms show tree topology only; branch lengths are not to scale. Alignments and phylogenies inferred for individual genes and gene fragments are available in File S2.](mgen-6-348-g002){#F2}

Global analysis of HGT {#s5-3}
----------------------

Despite being phylogenetically unrelated, SD2016_1 and SD2016_2 were both isolated during the same week from the same hospital. We thus hypothesized that they may have recently exchanged genes via HGT. Using a reconciliation method to detect HGTs (Methods) we inferred a total of 11 138 gene transfers (Table S3), but none directly between SD2016_1 and SD2016_2 ([Fig. 3a](#F3){ref-type="fig"}). However, the two strains were indirectly connected via isolates M25588, 10SP129H1 (USA, 2005) and PTHi-1402 (Portugal, 1992). The dates and locations of these isolates does not suggest recent transfer. We note that this gene-by-gene analysis would not be expected to detect the similarities observed in the capsule locus because of the conflicting phylogenetic signal within genes ([Fig. 2](#F2){ref-type="fig"}). A broad cross-species genomic comparison study recently found that HGT is more frequent in bacteria encording capsules \[[@R31]\]. In contrast, we found that the \'core\' of the HGT network in *[H. influenzae](http://doi.org/10.1601/nm.3419)* is dominated by unencapsulated NTHi strains ([Fig. 3b](#F3){ref-type="fig"}). Serotypes b and e form distinct clusters at the periphery of the network, suggesting a preference for HGT within, but less frequently between, these serotypes. Serotype a strains, including SD2016_1 and 2, although relatively less sampled, did not form a cohesive cluster in the HGT network, suggesting widespread and promiscuous HGT with NTHi and other serotypes. More comprehensive sampling will be needed to support this hypothesis.

![Network of gene exchange among *[H. influenzae](http://doi.org/10.1601/nm.3419)* genomes. (a) Inferred HGT events involving SD2016_1, SD2016_2, or their closest relatives (large yellow circles). Arrows show gene exchange events between genomes (circles), with arrow width proportional to the number of genes exchanged. (b) Overall network of inferred gene exchanges. Serotypes are shown as larger coloured circles, and NTHi genomes are smaller grey circles. Edges show HGT events between genomes. Genomes sharing more genes are drawn closer together in the network by the edge-weighted spring-embedded layout. Genomes of intereset (SD2016_1 and 2) along with their phylogenetic nearest-neighbours are outlined in black around the circle.](mgen-6-348-g003){#F3}

Discussion {#s6}
==========

The appearance of two *[H. influenzae](http://doi.org/10.1601/nm.3419)* infections in the same hospital in the same week was highly unexpected because such infections are exceedingly rare in areas of high vaccine coverage. This raised concerns that the two cases were part of a local outbreak, involving *[H. influenzae](http://doi.org/10.1601/nm.3419)* transmission in the San Diego area. By sequencing the two isolate genomes (SD2016_1 and SD2016_2) and placing them on a phylogenetic tree encompassing the known genomic diversity of *[H. influenzae](http://doi.org/10.1601/nm.3419)*, we found that they belonged to distantly related clades, indicating that each infection was aquired independently and the two were not linked in a recent transmission chain. The entire analysis, from strain isolate to sequencing and phylogenetic analysis, could be performed in about a week, allowing us to rapidly rule out local transmission. Rather, the observation that SD2016_1 and SD2016_2 are distantly related reinforces the potential for rapid spread of different *[H. influenzae](http://doi.org/10.1601/nm.3419)* lineages. These results are broadly consistent with an earlier study that showed little or no evidence that lineages are constrained by geographic barriers \[[@R18]\].

Despite being distantly related, SD2016_1 and SD2016_2 share a very similar capsule locus, particularly in the serotype-specific region. Flanking the serotype-specific region and elsewhere in the genome, SD2016_2 (like its nearest phylogenetic neighbour M21384) is more similar to f-type strains. Together, these observations point to a scenario in which an f-type ancestor of SD2016_2 acquired an a-type capsule by recombination with a recent ancestor of SD2016_1. This scenario is also supported by another recent study, which inferred a transfer of a-type capsule genes into the previously f-type M21384, the nearest-neighbour of isolate 2 \[[@R21]\]. This recent study made the *in silico* prediction that this recombination event yielded an a-type capsule, but they did not confirm this with serotyping. Our serotyping results confirmed that the recombination event does indeed yield an a-type serological phenotype. Due to limited geographic and temporal information about these strains, we can only speculate about precisely where and when the recombination event occurred. However, strain 1 is in the same lineage as a Canadian type-a strain isolated in 2011, suggesting that the exchange happened in North America sometime in the past decade. Recent ancestors of the f-type acceptor lineage were found in Scandinavia as recently as 2011, suggesting the acceptor strain migrated from Europe to North America, but more thorough sampling will be required to confirm this scenario.

In our clinical experience at Rady Children\'s Hospital, type-a *[H. influenzae](http://doi.org/10.1601/nm.3419)* has never caused anywhere near the rate of invasive disease caused by type-b. Type-a infections typically occur once every 3 to 5 years. That both SD2016_1 and SD2016_2 were isolated at the same place and time appears to be a coincidence, not an outbreak in this case. Yet combined with broader surveys, it does suggest that these a-type strains could be evolving to fill the vacant 'invasive disease' niche left by b-type strains targeted by current vaccines. This is consistent with the increasing disease burden of a-type infections in certain populations \[[@R7]\], while in other populations f-types and predominantly non-typeable strains are on the rise \[[@R9]\]. Our results also indicate that vaccines need not select for lineage replacement, but could allow multiple different lineages to adapt via acquisition of new capsule loci by HGT. We show that such a scenario is plausible, but further analysis of larger population genomic samples will be needed to assess the relative importance of lineage replacement vs. capsule HGT in the evolutionary response of *[H. influenzae](http://doi.org/10.1601/nm.3419)* to vaccine pressure.
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=================

1\. *H. influenzae* SD2016_1 and SD2016_2 genome sequences have been deposited in NCBI under BioProject PRJNA534512.

2\. The additional *H. influenzae* genome assemblies used in our analyses are available at: [https://monash.figshare.com/articles hicap_validation_assembly_set/7562363](https://bridges.monash.edu/articles/hicap_validation_assembly_set/7562363)

3\. Alignments and phylogenies of individual capsule genes and gene fragments (File S2) are available on Figshare at doi: 10.6084/m9.figshare.11800785.
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###### 

Click here for additional data file.

###### Supplementary material 2

###### 

Click here for additional data file.
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